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ABSTRACT (Key words: SQUID-based scanning system, nondestructive testing, SRF cavities)
Applications in high energy physics accelerators and other fields require the use of thousands of superconducting RF (SRF) cavities that are made of high purity Nb material and the purity of niobium is critical for these cavities to reach the highest accelerating fields. Tantalum is the most prolific of metal inclusions, which can cause thermal breakdown and prevent the cavities from reaching their theoretical performance limits of 45-50 MV/m, and DOE Labs are searching for a technology that could detect small impurities in superconducting Nb sheets reaching the highest possible accelerating fields. The proposed innovative SQUID-based Nondestructive system can scan Niobium sheets used in the manufacturing of SRF cavities with both high speed and high resolution.
A highly sensitive SQUID system with a gradiometer probe, non-magnetic dewar, data acquisition system, and a scanning system will be developed for fast detection of impurities in plannar Nb sheets. In phase I, we will modify our existing SQUID-based eddy current system to detect 100 micron size Ta defects and a great effort will focus on achieving fast scanning of a large number of niobium sheets in a shorter time and with reasonable resolution. An older system operated by moving the sample 1 mm, stopping and waiting for 1-2 seconds, then activating a measurement by the SQUID after the short settle time is modified. A preliminary designed and implemented a SQUID scanning system that is fast and is capable of scanning a 30 cm x 30 cm Nb sheet in 15 minutes by continuously moving the table at speeds up to 10 mm/s while activating the SQUID at 1mm interval is modified and reached the Phase I goal of 100µm resolution. We have successfully demonstrated the feasibility that a fast speed SQUID scanner without sacrificing the resolution of detection can be done, and a data acquisition and analysis system is also preliminary developed.
The SQUID based scanner will help reach the highest accelerating field in SRF cavities that will provide a considerable cost reduction for new accelerators and for upgrades of existing accelerators. This will be realized either by reducing the length required for the SRF cavities or by the installation of higher gradient cavities for energy upgrades in the same space. The SQUID based scanner will also be used for the detection of defects on the surface, inside the bulk or at the back side of metallic sheets in other industries. 
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Section
A. IDENTIFICATION AND SIGNIFICANCE
Applications in high energy physics and free electron lasers require the use of superconducting RF cavities (SRF) that are made of high purity Nb material. In the operation of these SRF cavities, the purity of niobium is critical for these cavities to reach the highest gradient fields. Tantalum is the most prolific of metal inclusions and can cause areas of thermal breakdown. Therefore, a method of nondestructive testing is needed to detect small tantalum inclusions in Nb sheets that are used in making the SRF cavities. The goal of this research work is to improve the techniques of using Superconducting Quantum Interference Devices (SQUIDs) and employing eddy-current techniques to nondestructively detect tantalum inclusions as small as 25 microns in flat sheets of niobium in a fast way. Presently available SQUID Nondestructive Testing (NDT) systems are limited to detection of 100 micron and larger inclusions (for Ta inclusions).
In fabricating SRF cavities, flat sheets are formed into dish-shaped half-cells that are machined and chemically etched before being beam welded to form a complete RF cavity. There is a great need to reliably scan these flat sheet at reasonable and practical speeds and detect small defects (<50 micron) before they are used in forming the half cells. Presently there are no Nondestructive Testing (NDT) systems available to inspect flat Niobium sheets that are capable of detecting Tantalum impurities below 100 micrometer in diameter. The availability of this NDT equipment to inspect flat sheet will allow the elimination of defective sheets before the expensive forming and machining of the cavity half-cells. The scanning SQUID system that we propose to develop will provide a fast and reliable NDT testing down to 25 microns Ta inclusions in Nb sheets.
SRF cavities used in accelerators have ranged from few cavities to several hundred cavities. The proposed ILC would utilize more than 10,000 SRF cavities in two 10-Km-active-length LINACs. Accelerating gradients of about 35-MV/m have been reached in several cavities at DESY, the German facility. Efforts are focused on overcoming the most serious obstacles, field emission (FE) and thermal breakdown (TB), which prevent SRF cavities from reaching the theoretical performance limits of 40-50 MV/m for these Nb cavities. The FE and TB are direct result of the presence of inclusions, such as tantalum. A few number of Ta inclusions per resonator could already lead to a great reduction in the maximum electric field strength realized in these cavities. The fabrication of Superconducting resonators from planar niobium sheets is very costly and there is great need for a measurement procedure that can reliably test the niobium sheets and eliminate defective ones before they are used in the fabrication half cells.
Eddy current techniques that use conventional magnetic sensors to detect defects in metals have the disadvantage of using high frequencies and therefore are useful in only detecting surface defects. Eddy current systems that use SQUID sensors have the advantage of using low frequencies for the excitation currents, which allows the system to detect flaws deep into the material and more importantly, the back side of Nb sheets. In addition, SQUIDs are the most sensitive detector of magnetic flux with unparallel sensitivity, bandwidth, spatial resolution, and fempto-tesla field resolution. Because of the high sensitivity to magnetic fields and the use of low frequency excitation current, SQUID based systems have a tremendous advantage in detecting defects at the surface, inside of, and on the back side the Nb sheets.
The innovative instrument proposed by AMAC and its collaborators is a SQUID-based eddy current detector for scanning a large number of niobium sheets at a fast rate and with higher resolution than presently available. The final goal of the system will be capable of scanning a 30cm x 30cm Nb sheets and detecting 25 µm Ta defects in less than 10 to 15 minutes. SQUID based detectors have a much higher sensitivity than normal eddy current systems. For this reason, AMAC, in collaboration with Christopher Newport University (CNU), Fermi National Accelerator Laboratory (FNAL), and Jefferson Laboratory (JLab), proposes to develop this system for fast scanning of Nb sheets with 4 times higher resolution than is currently available. The studies completed in Phase I have proved the feasibility of the project, realized the fast scanning & data acquisition while the scanner is moving, and the preliminary data analysis system to identify the defects.
The development of such a system would be a step further in the development of this technology and would allow us to take a lead in the prototyping of a fast and reliable defect scanning technology.
In phase II we will prototype a working system, which will be capable of scanning a 30cm x 30cm Nb sheets and detecting Ta defects down to 25 microns in less than 15 minutes. The system will be further optimized, sensitivity will be improved and software will be enhanced so that an innovative 3-D SQUID based equipment for testing Nb sheets will be prototyped for DOE lab applications & commercialization. Figure 1 is the old SQUID based system and the modification for the Phase I studies. The highest achievable accelerating field in Superconducting Radio frequency (SRF) cavities is proportional to the maximum surface magnetic field on the cavity wall, the so-called superheating critical field Bsh. The highest experimental field ever obtained on actual cavities made from bulk niobium materials exceeds 170mT, very close to the estimated theoretical Bsh of 200mT. Other superconducting materials exhibit lower critical fields while thin film technology suffers from high losses exhibiting a quality factor Q strongly degraded at high fields. To the state-of-the-art accelerating gradient Eacc of 25MV/m in β = 1 cavities (like those for electron accelerators) is relevant to 100mT. Theoretically, 200mT is relevant to 45~50MV/m. It seems that one of the theoretical limit level is a rather hard magnetic barrier. To avoid this brick wall new cavity geometry is a possibility to boost Eacc. The trick is to alter cavity shape for a reduced Hpk/Eacc. Currently with new geometry, 10~15% improvement in Eacc is possible (DESY, Jlab & Cornell have done a great deal of work). A shape comparison is shown in Fig. 2 . The observed quench fields of cavities is usually lower than the expected and calculated one assuming the uniform heating case by magnetic fields shown in Fig. 3 . At the same time, a localized heating spot is detected by temperature mapping indicating that a thermal instability is occurring driven by a micron-size defect. More complete thermal analysis confirm that this is indeed the case and can explain why the quench changes with the heat properties of the helium bath.
Cavity performances are limited by electron loading (contamination), Q-drop (surface, interface, grain boundary and quench (defects, Hsh). Many attempts have been made over the years to correlate cavity performance and surface features. So far the most efficient diagnostic instrument is T-mapping. However, all these instruments are working only while cavities are working and/or cryogenic testing, i.e. cavities have been made. One has been looking for instruments, which will be able to quickly locate the micro defects (such as Ta inclosures in Nb sheet) in Nb sheets during and before fabrication. SQUIDs are the most sensitive detector of magnetic flux and have unparallel sensitivity, bandwidth, spatial resolution, and fempto-tesla field resolution. Its working principles are shown in Fig. 4 . Compared to conventional magnetic sensors, the SQUID has the capability of detecting magnetic signals that are many orders of magnitude smaller. As a result, the SQUID sensor can detect smaller defects than a conventional sensor if all other parameters are the same. The DC SQUID has the additional advantage of a flat response at low frequencies, which allows it to detect low frequency magnetic fields and allow a detection of inclusions deep into the materials. Superconducting Quantum Interference Devices (SQUID's) are the most sensitive magnetic sensors presently available and they can be used for high sensitivity magnetic field detection in eddy current based Non Destructive Testing (NDT) devices.
Fig. 4 Gradiometer SQUID schematic B. 2. Technical Approaches in the Phase I
In Figure 5 is a schematic diagram of the SQUID system and its data acquisition in AMAC's Phase I studies. The system consists of a liquid Helium dewar, a SQUID probe and iMAG SQUID controller built by Tristan Technologies (San Diego, CA.) based on the specifications of our team. The SQUID output is connected to Stanford Research SR530 lock-in amplifier to isolate the signal produced from the induced current. The lock-in amplifier produces an inphase signal (Ø = 0) and a quadrature signal (Ø = 90). The system includes a 3-d motion controller that controls the motion of the sample under the tail of the dewar. The computer controls the motion system through a National Instruments PCI-7344 Motion Controller PC card. A Motor driver by National Instruments (MID-7604) powers a three axis setup: x, y, for translation, z for elevation.
The experiment is fully automated using LabVIEW software that allows the computer to interface with all the components of the system. The computer would allow the user to set the scanning step size (usually 1mm), parameters of the SQUID controller and the settings for the lock in amplifier. Figure 5 , below, presents a schematic diagram of the SQUID setup that is used to scan Nb flat samples. The system operates by moving the sample below the pickup coil. Therefore, in our data, one pixel represents a scanned area of 1 mm 2 . Each file produced in scanning a sample contains two sets of data: in-phase X (0), and quadrature X (90).
The DC Low Temperature Superconductor (LTS) SQUID system includes a gradiometer probe and a non-magnetic liquid He dewar. The LTS type SQUID is selected for its higher field sensitivity (~ 50 X 10 -15 Tesla). The SQUID gradiometer uses two coils wound in opposite Detai l directions that are configured as dB z /dz gradiometer to cancel the effect of uniform magnetic fields as shown schematically in Fig.2 . As a result, the SQUID gradiometer has the advantage of being able to be used in a non-magnetically shielded environment. The signal detected by the SQUID system is due to the net flux caused by the non-uniform magnetic field generated by the eddy current near the defect.
Fig. 5.
A schematic diagram of the data acquisition system for low temperature SQUID system for scanning Nb sheets.
The system described above was successfully used in scanning Nb sheets and has resulted in detecting Ta inclusions that are 100 microns in diameter located on the surface, below the scanned surface or on the back side of the scanned sample. We were also able to detect these impurities by examining raw data files and without significant data analysis. We propose the following changes to upgrade the SQUID NDE system to improve its spatial resolution, to increase its scanning speed and to detect smaller impurities.
SQUIDs are the most sensitive detector of magnetic flux with unparallel sensitivity, bandwidth, spatial resolution, and fempto-tesla field resolution. Compared to conventional magnetic sensors, the SQUID has the capability of detecting magnetic signals that are many orders of magnitude smaller. As a result, the SQUID sensor can detect smaller defects than a conventional sensor, if all other parameters are the same. The DC SQUID has the additional advantage of having a flat response at low frequencies, which allows it to detect low frequency magnetic fields (as low as few hertz). Eddy current techniques that use conventional magnetic sensors have the disadvantage of using high frequencies that are useful in detecting surface defects. Eddy current systems that use SQUID sensors have the advantage of using low frequencies for the excitation currents which allows the system to detect flaws deep into the material [3] . This can be explained by the fact that the generated eddy current is in general at the surface of the material and penetrates the material only down to small distance defined as the skin depth or the penetration depth. The penetration depth (δ) depends on the conductivity (σ) of the material as well as the frequency (ω) of the excitation current according to the
If one uses a high frequency excitation current as in the case of conventional eddy current methods, then the skin depth is small and the eddy current is at the surface and as such can detect only surface defects. A low frequency excitation current will have a larger skin depth, allowing the possibility of detecting deep defects. As a result detecting deeper defects becomes very challenging. The high field-sensitivity of DC SQUID sensors, especially at low frequencies, allows us to detect such small signals. Based on the skin depth parameters for Nb, the optimal frequency for scanning defects at surface is 100 KHz. For defects 1mm from the surface the optimum frequency is 40 KHz, and for defects that are 2mm deep, one needs to use a frequency of 10 KHz.
The use of DC SQUID sensors in nondestructive evaluation, specifically for detecting defects in metals has been well documented. In particular, eddy current techniques have been used in SQUID systems to image defects deep under the surface using relatively low frequencies. The use of such a SQUID system in detecting Ta inclusion in NB sheets and cavities will enhance the capabilities of the system in terms of increased sensitivity and spatial resolution.
Previously we managed to detect these small Ta inclusions using a SQUID scanning system [5] , but the scanning time was too long. In fact it took few hours to scan a 30 cm x 30 cm Nb sheet with a step of 1mm. The previous system operated by moving the sample a distance of 1 mm then a measurement by the SQUID is activated after a short settle time. This settle time of 1-2 seconds was important to allow the mechanical vibrations to dampen as well as the electromagnetic fields of the motor to diminish. As a result this produced a long scanning time due to the fact that we needed to stop and wait for transient effects to settle before activating the SQUID measurement. To speed the scanning process, we needed to scan in a continuous mode without stopping at 1 mm intervals to take readings. We proposed to design and implement a SQUID scanning system that is fast and is capable of scanning a 30 cm x 30 cm Nb sheet in 15 minutes by continuously moving the table at speeds up to 10 mm/s while activating the SQUID at 1mm interval.
C. ANTICIPATED PUBLIC BENEFITS
1) The purposed SQUID based NDT system will ultimately help reach the highest possible accelerating field in cavities and lower the cost of new accelerators as well as the cost for upgrading existing accelerators. The capability of detecting Ta inclusions down to 25-µm size will allow the production of superconducting RF-cavities with higher electric field limits, and reduce the fabrication cost by eliminating defective sheets prior to their use in fabricating the SRF cavities. The increase in accelerating field also affects the cost of the accelerator by reducing the length required for the SRF cavities, or by allowing the installation of higher gradient cavities for energy upgrades occupying the same space as the lower gradient cavities in existing machines. This will produce a considerable cost reduction for new accelerators as well as for upgrades of existing accelerators using SRF cavities, since the savings in cavities structure length impact the cost of many auxiliary systems as well as the accelerator tunnel length.
2) The SQUID based scanning system could also be used in other applications to detect defects in metallic structures (magnetic and non-magnetic impurities), and in materials that are of interest to NASA, the Air Force and other National DOE Laboratories.
D. Phase I TECHNICAL OBJECTIVES
The AMAC/CNU team with support from FNAL/BNL/JLab will develop a SQUIDbased eddy current NDT system to detect impurities in Nb sheets that are used in manufacturing of SRF cavities. The proposed system needs to be developed to achieve higher sensitivity and faster scanning rates over existing systems.
The first objective is the Phase-I work to detect Ta impurities smaller than 50 µm in diameter. This will be accomplished by reducing size of the detection coil for the SQUID system to 1mm. The second objective of Phase-I is to design and develop the scanning system for a continuous scanning of the Nb sheets. The Phase-I development will include hardware design and implementation of the SQUID pick up coils, software development for fast scanning and further development of data analysis tools. The system needs to be tested using Nb sheets with inclusion samples specifically fabricated for this task. The tests will verify the proper functioning of the system and set the parameters for the Phase-II program.
The success in the phase I project will pave a solid ground for the phase II project in development, optimization, and prototype of the SQUID-based detection system. The system will allow the production of superconducting RF-cavities with higher electric field limits, and reduce the fabrication cost by eliminating defective sheets prior to their use in fabricating the SRF cavities.
E. PHASE I PERFORMANCE SCHEDULE
The Phase-I work plan is the guide to reach the Phase-I technical objectives, and the results of the investigation will be used for the preparation for the Phase-II program. The tasks for Phase-I can be broken down as follows: For the Phase-II, the sensitivity will be further improved to detect defects down to 25 microns by locating the detection coil of the SQUID system outside the Helium dewar. This modification to the design of the SQUID system is more elaborate and more expensive to be considered in phase I. The sample support system will also be modified and will be mounted on a robotic system to reduce the lift-off effects. In phase II, we will upgrade the SQUID system by using a linear array of two SQUID sensors with two pick up coils, effectively scanning 2 lines with each sweep. Using the 2-SQUID sensor system will allow us to scan the same 30cmX30cm Nb sheet in half the time i.e. in 7.5 minutes. Finally, a completed prototype will be constructed and optimized for future commercialization.
F. RELATED RESEARCH OR R&D
A method of scanning the high purity niobium sheets as supplied by the manufacturer has been developed at DESY for the TTF cavities by using the eddy current method. The eddy current method has one intrinsic set back: the resolution of the method is limited to defects of a size not smaller than 100 micron; the limitation in resolution is resulting from the finite dimensions of the excitation and detector coils in the eddy current sensor. Therefore, if one is interested in detecting defects of much smaller sizes, the elimination of which are necessary in achieving higher gradients, a method with higher resolution must be employed. Such higher resolutions can be achieved with SQUID-based detection systems. The new DESY SQUID scanner now typically achieves a resolution of about 100 micron tantalum particles on flat N b sheets.
The development of an improved system would be a step further in the technology and would allow AMAC/BNL/CNU/FNAL to take a strong lead in the development of the defect scanning technology required for the fabrication of superconducting cavities and other applications. The AMAC team has been involved in the detection of impurities in aluminum structures as well as Nb sheets using eddy current SQUID systems. As pointed out earlier, we were able to clearly detect 100 microns Ta particles on the surface and on the back side of Nb sheets.
G. PHASE I R&D and ACCOMPLISHMENTS
G. 1. Experimental Set up and the Data Acquisition System
We have designed and constructed a DC low temperature SQUID system for this project that is capable of scanning flat NB samples. The Dewar, SQUID probe and iMAG controller was built by Tristan Technologies (San Diego, CA.) based on the specifications of our team. The SQUID output is connected to Stanford Research SR530 lock-in amplifier to isolate the signal produced from the induced current. The lock-in amplifier produces an in-phase signal (Ø = 0) and a quadrature signal (Ø = 90). The system includes a 3-d motion controller that controls the motion of the sample under the tail of the dewar. The computer controls the motion system through a National Instruments PCI-7344 Motion Controller PC card. A Motor driver by National Instruments (MID-7604) powers a three axis setup: x, y, for translation, z for elevation. We have installed a new scanning table which uses a screw mechanism to greatly reduce vibrations and allow us to scan in continuous fashion.
We have also developed fully automated measurement system using LabVIEW software that allows the computer to interface with all the components of the system. This custom data acquisition system allows for choosing the scanning speed in the range from 0.1 mm/s to 10 mm, update the position of the scanning table activate a measurement at uniform intervals of 1 mm. Therefore in our data, one pixel represents a scanned area of 1 mm 2 . Each file produced in scanning a sample contains two sets of data: in-phase X (0) and quadrature X (90).The parameters for the SQUID controller and the settings for the lock in amplifier are also controlled by the Labview software. Figure 5 (section B) presents a schematic diagram of the SQUID setup and Figure 6 shows a photograph of the setup that is used to scan flat samples. Figure 7 is the data acquisition electronics. The Dewar is constructed of fiberglass and contains a collapsible tail apparatus to adjust the distance to the sample. To increase sensitivity, the distance between the bottom of the Dewar tail and the pickup coil can be adjusted to a minimum of 2mm during operation. The gradiometer probe has a pick up coil that is configured as dB z /dz gradiometer to cancel the effect of uniform magnetic fields from the environment. To increase the spatial resolution the pickup coil is required to be as small as possible. The pickup coil with our system has a diameter of 2mm, the smallest possible with current wire winding technology. Figure 8 shows the SQUID probe for our SQUID system. Although the spatial resolution of the system is determined by the size of the pickup coil, we have used a large excitation current ( 0.5 -1.0 A) through the inducer to increase the magnitude of the eddy current in the sample which increases the signal produced by the defect and consequently enhance the possibility of detecting smaller defects. The overall sensitivity of this system is ~ Volt Tesla 
Figure 8: SQUID probe
We have used a planar current inducer fabricated from copper PC board ( 8.1 cm long x 8.1 cm wide) excited by a Pasco Scientific PI-9587 Function Generator/Amplifier. The advantage of this planar current inducer is that it produces a more uniform eddy current in the sample, makes easier to initially "zero off .the SQUID signal when no defect is present and as a result enhances the chances of detecting the smaller signal of the defect.
The signal detected by the SQUID is due to the net flux threading the pick up coil. A defect will cause an alteration in the current. From Faraday's Law,
any obstruction of this current causes change in the electric and magnetic field. Relative to the pick up coil, "a maximum" will be on one side of the defect and "a minimum" on the other. Figure 9 shows a typical result of a field detected by such a system. Here the current is in the X direction, the white indicating the maximum, black the minimum, and blue is the background. 
G. 2. Data Acquisition Software
We have developed custom software that uses LabView to implement the new design for the data acquisition of the SQUID system. We have added the capability of running the scanning table continuously and taking data without stopping. We have developed a VI that allows the scanning table to continuously run, control the velocity of each axis and output the X, Y, and Z positions of the sample while scanning. Therefore, some measurements and calculations had to be made to calculate the conversion factors for the encoder to calculate the position for each axis. For the hybrid stepper motor that was used, 1rev = 2000 encoder counts = 200 motor steps. 1 RPM = 200steps / 60s = 3.33 steps/s = 33.3 counts/s, which translates into = (33.3/200) mm/s, hence 1 RPM = 0.166 mm/s. We would trigger a measurement of the SQUID system when the scanning table is within +/-.05 mm of the target position. Also, to improve our data, an average function was added to average all the readings of Lock-in amplifier collected at each point (in the range of 0.10mm). The average was a significant improvement since it smoothed out the output data by taking a statistical average of multiple readings. An overshoot at the beginning and at the end of each line scan had to be added, so accurate results will be collected on the first and last point. The overshoot was chosen to be 3mm based on the overload time of the Lock-in amplifier. We also implemented a STOP option in order to stop the scan after completing the current line. All the data collected was saved on a text file, which has path specified by the user at the beginning of the program. Figure 10 is the front panel of the main VI. We can see from the above Figure 11 diagram how does the VI collect the data triggered by our specified range. When the position is less than X -0.05 or higher than X + 0.05, then no data is collected. Otherwise, when the desirable range is met, the VI reads the data from the Lock-in amplifier and inserts it in an array. This is one example of a portion that has been added to meet the specifications of the scan.
In addition to the main VI we have added two VIs for initialization of the scan parameters. The first VI was the initialization of the location of starting point, which allows the user to move the scanning table in the axis, X, Y and Z to a certain initial position. Therefore, during the scan, the X and Y axis positions are incremented from that initial position. The program allows the user as Figure 12 and figure 13 to keep track of the X, Y positions through the whole scan, and makes it possible to return to the origin position after the scan is completed. The second initialization VI is for the SQUID control. The user is asked to choose the SQUID parameters: overload voltage, gain, low pass filter and high pass filter. After setting up these the parameters, the SQUID controller is set to those parameters. At the start of every line during the scan the SQUID is reset to ensure proper readings as Figure  14 . After a reset, the SQUID needs some time to recover; a wait variable was implemented on the main VI to wait after the SQUID is reset. The above wiring diagram, Figure 15 shows how the desired parameters are passed to the SQUID controller . This is done using a GPIB function and some other basic functions such as, Number to Decimal string, which converts number to a string, and concatenate strings, which concatenate input strings into one output string. The GPIB function used on this SubVI is GPIB write, which writes our inputted parameters to the GPIB device identified by address 13, which the SQUID controller.
G. 3. DATA Analysis Software
The lift off effect is one of the issues to needs to be dealt with in such scanning systems. The gap between the inducer and the scanned sample is not even and this will affect the magnitude of the signal detected by the SQUID. In order to deal with this issue, we developed a new filtering program to help in correcting the effect of having an uneven gap between the inducer and the scanned sample. Using the a polynomial fit function we were able to fit the collected data for each line and get the polynomial coefficients, which were used to get the derivative of that line. The general form of a polynomial function is: F(x) = a n x n + a n-1 x n-1 + . . . + a 1 x + a 0 , where a i represents the polynomial coefficient, n is the polynomial order. In our case, the input x values represent the position and the input y values represent the corresponding reading by the SQUID. After getting the polynomial coefficients, the derivative of F(x), can be written as: dF(x)/dx = a n x n-1 + a n-1 x n-2 + . . . + a 2 x + a 1 . We were able to calculate the values of this derivative for every value x of the scanned line. The VI repeats the same method for all data lines collected (horizontally) and outputs the new graph. In effect we were able to get rid of any slope (linear effect) that is produced by the lift off effect. The filtering was done first on the X axis and later on the Y axis (vertically). The filtering in the X and Y axis worked fine but in many cases it did not help much with our collected data. While working with this filter, it was challenging to figure out the right polynomial order to use and its effect on the data.
Figure 16: Front Panel of the Filtering using Polynomial Fit
On the front panel Figure 16 , the user can enter all the inputs for the cropped graph and the order of the polynomial. The three graphs shown on the front panel show the origin graph of collected data (top left), the cropped area of the graph (top right), and the filtered graph (bottom). Once the program is in running mode, a load file window is displayed to load the data file. The order of polynomial has a significant effect on the filtering of the data, so the user may choose the proper order of polynomial by looking at the change of the filtered graph. The array on the right represents the mean squared error, which is calculated from the polynomial fit function. Also, there is a Save push button that allows to save the filtered cropped data and a Done push button to stop the run.
Figure 17: Wiring Diagram of the Filtering using Polynomial Fit
In the above wiring diagram Figure 17 , we can see the two main parts of the filtering that have been used. The first part is input the X, Y values and the polynomial order to the Polynomial fit function, which returns the polynomial coefficients and the mean squared error. Then, the output coefficients are used to calculate the value of the derivative at each position x. The result of each data point is stored in a an array, which is outputted on the graph of the front panel.
G. 4. Results
1) Flat Nb sheet with Ta inclusions Made by AMAC:
The next step is testing the system's ability to detect inclusions within niobium. Our first niobium sample with inclusions consisted of a block of niobium 230mm x 110mm and 3mm thick provided by AMAC. Holes were punched into the sample. Small tantalum grains of known size were placed into the holes. An electron beam is then used to melt the niobium, covering the tantalum pieces. We used the SQUID system described earlier to scan this sample in a continuous mode. The induced current for scanning was fairly large in the range from 0.5 -1.0 Amps in order to produce the largest possible signal from the defect and the frequency used was in the range from 8 k Hz to 48 K Hz. The scanning speed used typically was from 0.1 mm/s to 1 mm/s although the scanning speed can be easily increased to 10 mm/s.
The results of figure 18 below were taken using an excitation current of 0.55 Ampere through the inducer at frequency of 40 k Hz. The scanning speed for this data is 0.3 mm/s. The results shown in figure 18 are the best for the system as the environmental noise was the lowest while scanning at that time. Environmental noise from 60 Hz power and the lab environment is one of the primary targets for improvement of this system, namely by adding a magnetic shield to improve the performance of the SQUID sensor. Figure 18 shows a scan of the AMAC sample with successful detection of defects #5 and defect #4. Defect #5 at the bottom of the graph shows the largest intensity. It is very clear from this intensity chart that the SQUID system can clearly detect a defect with 100 micron diameter located 200 micron below the surface of the sheet. Figure 19 shows the same scan data acquired by the system for defects #5 through defect #1. In this larger size scan one can also identify all 5 defects on the same scan, although the intensity of the signal varies from a defect to a defect due to the variation in size and depth of the defect. A data filtering software can enhance the signal from the defects and make it easier for the operator of the system to identify these defects. 
2) Flat Nb sheet made by the DESY group
The flat sample used in this project was provided by DESY in Figure 20 . DESY produced this sample in a similar fashion to the AMAC sample by placing tantalum into holes and melting niobium over the inclusion. The sample from the DESY group has defects of comparable size to the Nb sample made by AMAC.
The results of figure 21 below was taken using an excitation current of 0.68 A through the inducer at 40 k Hz. The scanning speed for this data is 0.25 mm/s. The plate was placed with the defects placed close to pick up coil. The chart shows the scan of defects #6 through defect #1.
Figure 21. DESY sample with defects close to the pick coil
The results shown in figure 22 below were taken using an excitation current of 0.68 Amperes through the inducer at 12 KHz. The scanning speed for this data is 0.25 mm/s.
Figure 22: scan results of defects #6 through #1 of the DESY sample
This figure shows that the SQUID system detected the presence of Ta defects # 6 through #1 of the DESY sample. Clearly the data is very pixilated in this graph too indicating the need for higher sensitivity. This can be accomplished by increasing the diameter of the pick up coil for the SQUID which might lead to an increase in the flux linked to the Squid and higher sensitivity. The dark and while areas are typical of a signal by the eddy current technique described earlier in the introduction and are strong indicators for the presence of the defects.
Another representative data from our results is shown in figure 23 . This scan was performed with the sample flipped i.e. defects are on the bottom side of the sheet and further away from the pick up coil and the current inducer. This resembles the scanning of the inside surface of Nb half-cell where the pick up coil of the SQUID would be further away from the defects.
The excitation current used is 0.72 Ampere at 12 KHz with a scanning speed of 0.25 mm/s. The figure shows the signal detected from defect #1 which is the smallest defect of the DESY sample with a diameter of 120 microns. 
H. CONCLUSION
The feasibility studies have been successfully completed with very positive results. We have developed a fast scanning SQUID-based system that replaced an existing system that was too slow. In phase I work, we needed to scan in a continuous mode without stopping the scanning table at 1 mm intervals to take readings. We designed and implemented a SQUID scanning system that is fast and is capable of scanning a 30 cm x 30 cm Nb sheet in 15 minutes by continuously moving the table at speeds up to 10 mm/s while activating the SQUID at 1mm interval. The Dewar, SQUID probe and controller was provided by Tristan Technologies (San Diego, CA.) based on the specifications of our team. The SQUID output is connected to a Stanford Research SR530 lock-in amplifier to isolate the signal produced by the eddy current around the defect. We have installed a new scanning table, which uses a screw mechanism to greatly reduce mechanical vibrations and allow us to scan in continuous fashion. We have also developed custom data acquisition Labview software to fully automate the measurement. This custom data acquisition system allows for choosing the scanning speed in the range from 0.1 mm/s to 10 mm, update the position of the scanning table and activate a measurement at uniform intervals of 1 mm. Results show that we can scan a large portion of a 30 cm x 30 cm Nb sheet in a continuous fashion and detect Ta defect of 100-micron size. We have successfully demonstrated that we scan at fast speeds without sacrificing the resolution of detection. Custom data analysis software was also developed to address the lift off effect that is the result of having a slightly uneven gap between the Nb sheet and the pick up coil of the SQUID.
The emphasis for phase II will be on improving the sensitivity of the SQUID system by 1) refining the squid specifications and increasing the flux linkahe between the sample and the pick up coil. 2) improving the magnetic shielding of the system which will consideribly reduce the environmetal noise interfering with the SQUID and true defect signal. 3) designing a sample mounting system to ensure that the gap between the Nb sheet and tail of the dewar is small and more even. These three hardware design changes will improve the quality of the data collected, increase sensitivity and make is it easier the extract the real signal from the defect enabling us to reach our goal of detecting defects less than 50 micron in diameter . We will also develop a filter and defect-reconignition software system for the analysis of the data. Finally we will deliver a protype scanning system that is faster, more sensitive and has fully integrated hardware and software.
In case you want to stop the experiment while it is running, you can hit the "Stop" button, which will stop collecting the data after the current lane and save the data under the specified directory.
The two final displayed graphs are the Lock in readings of X(0) and X(90) and the colors represent the amplitude values.
